Microbiology and 1 2 3 1 laboratory S. cerevisiae strains such as BY4742 and CEN.PK2-1C (native), deletion strains 3 2 (ERG6 and ERG11) and tHMG1 overexpressed S. cerevisiae strains. When sonication method of 3 3
pre-culture was used in production culture medium at an initial OD of 0.1 and were grown for 24 1 3 5 hours at 30°C, 180 rpm. The cells were harvested at 5684 g for 10 minutes at 4°C and later 1 3 6 frozen at -20°C. The cells were subjected to lyophilization after deep-freezing for 2 hours. The 1 3 7 samples were freeze-dried at -50°C under vacuum for 4 hours. The freeze dried cells were then 1 3 8 dispersed in 30 mL of chloroform : methanol solution (2:1, v/v) and were disrupted either by 1 3 9 sonication/homogenization. Homogenization was carried out using SCILOGEX D-160 1 4 0 homogenizer (Rocky Hill, Connecticut, USA) for 5 minutes under ice-cold conditions. The cell 1 4 1 lysates were then subjected to overnight extraction at 30°C, 180 rpm in shake flasks while the 1 4 2 volume of organic solvent mixture of chloroform : methanol was made up to 50 mL. The Yeast cell pellets were suspended in 5 mL of 60% KOH, 7.5 mL of methanol and 7.5 mL of 1 5 4 pyrogallol (0.5% w/v). The mixture was incubated overnight in a shaker incubator at 45˚C. The 1 5 5 solution was then subjected to extraction using 10 mL of hexane by centrifugaton at 5684 g for 1 5 6 10 minutes. The upper layer was collected and vacuum dried at 40˚C in a vacuum oven until the 1 5 7 solvent is completely evaporated. After the completion of vacuum drying the tube was added 1 5 8 with 1 mL of chloroform to resuspend the fraction. Cell Pellets were suspended in 2 mL of 0.5 N HCl and treated for 20 minutes at 100˚C and later 1 6 1 cooled to room temperature. 3 g of KOH, 12.5 mL of methanol with 0.025 g of pyrogallol in it 1 6 2 was later added to cooled suspension and incubated at 70˚C for 2 hours. The contents were 1 6 3 subjected to extraction using 10 mL of Hexane and vacuum dried at 40˚C until complete solvent 1 6 4 evaporation and the samples were resuspended in 1 mL of chloroform. Cell pellets were suspended in 10 mL of 7:3 methanol: water with 18% KOH, 0.1% Pyrogallol. The contents were then heated at 90˚C for 2 hours. Further, the contents were subjected to 1 6 8 extraction using 10 mL of hexane followed by vacuum drying at 40˚C and re-supended in The yeast suspension of 2 mL was pelleted down and dispersed in 0.4 g of glass beads containing 1 7 2 0.2 mL of TE buffer and later subjected to vortexing at room temperature for 30 minutes. Initially methanol and pentane (1:5) extraction was carried followed by pentane only (two times) 1 7 4 and the organic layer was collected and dried. The extracts were suspended in chloroform prior Analytical procedures 1 7 7 RP-HPLC was performed isocratically using solvent delivery system consisting of two HPLC 1 7 8 pumps and a rheodyne injection valve with a 20 µl of fixed loop (Shimadzu Scientific 1 7 9 instruments, Kyoto, Japan). The chromatograms were processed using LC Solution software.
Squalene analysis was carried using a semi preparative reversed-phase C-18 column 1 8 1 (Phenomenox Kinetex, Hyderabad, India) (particle size 5 µm, 250 X 4.6 mm i.d.) maintained at a (DCW), cells harvested by centrifugation from the 50 mL culture were oven-dried and measured. All optical densities at 600nm (OD600) measurements were taken using a Shimadzu UV-2550 1 9 0 spectrophotometer. The lipid extracts containing squalene and ergosterol in chloroform and ethanol, respectively, 1 9 3 were subjected to qualitative thin layer chromatography in silica gel using two solvent systems. Commercial plates precoated with silica gel (60G F ) were procured from Merck chemicals, 1 9 5 (Bangalore, India). Cyclohexane has been used as a solvent system for squalene analysis while 1 9 6 petroleum ether: diethyl ether: acetic acid in the ratio 90:10:1 has been used as a solvent system for ergosterol analysis. Once the mobile front reached the desired height on the silica, the plates 1 9 8
were removed from glass chamber and were exposed to 20% H 2 SO 4 mist and later incubated for heating at 70°C in hot air oven for visualization. The bands were also visualized in UV chamber 2 0 0
as the squalene has an absorbance of 195 nm. The spot intensity was compared with the squalene 2 0 1 standard obtained from Sigma-Aldrich (Bangalore, India). incubated at 4°C overnight. The fixed cells were pelleted down and washed serially with 10%, 2 0 7 20%, 50%, 70% and 100% ethanol. The samples were kept in desiccator for further analysis. with gold before subjecting to scanning electron microscopy. Finally, SEM micrographs of 2 1 0 critical-point dried cells were generated using Leo Scanning Electron Microscope Model 435VP 2 1 1 (Leo Electron Microscopy Ltd., Cambridge, UK). 
Effect of mechanical disruption of cells on squalene extraction:
Squalene being an intracellular compound, cell lysis becomes an imperative step for its deletion strains ERG11Δ and ERG6Δ were selected based on the rationale that the deletions 2 1 9
downstream of squalene towards ergosterol could improve intracellular squalene accumulation. From Figure 1A it can be observed that the squalene titer varied across method-used for 2 2 1 extraction and also the S. cerevisiae strain used for its synthesis. It was found that sonication-2 2 2 based squalene extraction yielded higher titers than saponification across all the tested strains. It 2 2 3
can also be observed that the squalene produced using CEN.PK2-1C is higher than BY4742 2 2 4 strain. It was suggested that CEN.PK strains accumulate higher ergosterol in comparison to BY 2 2 5
series (Daum et al. 1999) . Similarly based on the rationale for selecting mutant strains, it has been 2 2 6 validated that ERG11Δ and ERG6Δ accumulate higher squalene in comparison to parent BY 2 2 7
series. From this experiment it is evident that sonication-based squalene extraction is efficient 2 2 8 over saponification. In order to understand the possibility of having higher squalene extraction 2 2 9
based on mechanical-method, two more methods viz., glass beads-and homogenization-based 2 3 0 cell lysis were investigated on BY4742 strain. As there were several modifications to standard Among these four different methods, homogenization-based extraction has significantly 2 3 5 improved squalene extraction than chemical saponification and glass beads methods ( Figure 1B ).
3 6
Also it can be observed that saponification method-1 fared better than other two saponification 2 3 7 methods. The devised method has shown 3.5-fold, 10-fold, 16-fold and 8-fold higher than the Further, the cell lysis by sonication was compared with homogenization and has been observed 2 4 7 that homogenization shows higher cell disruption efficiency than sonication. Homogenization 2 4 8 method has given a squalene yield of 9 mg/g DCW which is 5-fold higher over the sonication 2 4 9
shows a clump of cells lysed by homogenization and sonication, respectively. The wounds on the 2 6 9
cell surface are clearly visible in case of homogenized cells (cf. Figure 2C ). The microscopic 2 7 0
visualization of a single cell broken down by homogenization can also be seen in Figure 2B . From the SEM analysis, it can be concluded that the lysis of cells by homogenization has been 2 7 2 found to be more effective than the sonicated cells. SEM micrographs further confirms that 2 7 3 homogenization can be used as an efficient method for effective release of intracellular products 2 7 4 from yeast cells. Although yeast cells can withstand a wide range of pH and temperature, they achieve their was carried out at different temperature and pH and it has been observed that the squalene 2 8 2 synthesis was higher at the pH of 6 and temperature of 30°C which is in accordance with the 2 8 3 published results (Rasool et al., 2016) ( Figure 3A ). Squalene yield was reduced to its half at 2 8 4
35°C and it was found to be 10 times lower at 40°C. Squalene yield was 2-times higher in pH-6 2 8 5 than pH-5 while it got 4-times lowered in the cells grown at pH-7 ( Figure 3B ). Mutants of two enzymes from the downstream pathway has been chosen for screening of 2 8 8 squalene accumulation and it has been observed that Erg11p diploid mutant has shown higher 2 8 9 level of squalene than the Erg6p haploid mutant. Two wild-type strains BY4742 and CEN.PK2-2 9 0 1C has been chosen to compare and analyse squalene synthesis as CEN.PK2-1C has been a well- which is 1.6-fold higher than BY4742. ERG11 deletion strain has accumulated the highest 2 9 4 amount of squalene of 6.1 mg/g DCW which is 3.4-fold, 3-fold and 1.9-fold higher than 2 9 5 BY4742, CEN.PK2-1C and ERG6 while ERG6 deletion strain has shown 1.8-fold higher 2 9 6 squalene yield than the parent control strain ( Figure 4A ). Further, to improve squalene synthesis, truncated HMG-CoA reductase has been overexpressed 2 9 9
under the strongest inducible galactose promoter in two wild-type strains, BY4742 and 3 0 0 CEN.PK2-1Cand the two mutant strains ERG6Δ and ERG11Δ. Overexpression of tHMG1 has 3 0 1 enhanced squalene accumulation more than five folds in all the strains. The combination of 3 0 2 ERG6Δ and ERG11Δ with the tHMG1 overexpression has also substantially improved squalene 3 0 3 synthesis when compared with the wild-type strains. Squalene yield of 9 mg/g DCW and 10 3 0 4 mg/g DCW has been achieved in SK4 and SK5 strains respectively ( Figure 4B ) (Table S1 ).
0 5
Further, When the squalene extraction was carried out using homogenization method of cell lysis 3 0 6
for the squalene hyper-producer SK5, we have achieved an yield of 43 mg/g DCW which is 5-3 0 7
fold higher over the parent control strain BY4742 which has given an yield of 9 mg/g DCW with 3 0 8 homogenization ( Figure 5B ) (Table S2 ). ERG6 has also been previously targeted for squalene potential novel target enzyme chosen in this study to enhance squalene synthesis and it has been 3 1 2 found to be a promising target for strain engineering towards terpene improvement. The intensity of squalene band was found to be higher in SK5 in which ERG11∆ is combined 3 1 4
with tHMG1 over-expression when compared with SK2 and SK4. Meanwhile, ergosterol was 3 1 5
detected in SK2 as well as in SK4 while it was found to be undetectable in SK5. ERG11∆ has 3 1 6
reduced the ergosterol biosynthesis while ERG6∆ has shown lower ergosterol content ( Figure   3 1 7 S1). However, ERG11∆ strain might also have produced ergosterol which is not detected in the 3 1 8
screening. Squalene was detected at higher levels in transformant strains when the carbon source 3 1 9
was altered. The yeast cells provided with 1.8% galactose + 0.2% glucose has shown higher 3 2 0 squalene yield when compared with the cells provided with 2% galactose as carbon source.
2 1
Glucose is the most preferable carbon source in S. cerevisiae and the biomass is higher with 3 2 2 glucose as a carbon source than galactose. Hence, when the cells were supplied with both 1.8% 3 2 3 galactose and 0.2% glucose, it improved the biomass and also leading to squalene enhancement 3 2 4 ( Figure S1 ).
2 5
The cell dry weight was plotted against residual glucose concentration and the absorbance of 3 2 6 cells at 600 nm. Cell dry weight was found to be 1.4 times lower in transformant wild-type strain 3 2 7 than the wild-type strain while the cell dry weight is 1.75 times lower than the ERG6∆ and 3 2 8
ERG11∆ mutant strains. This observation implies that the growth is compromised in the mutant 3 2 9 strains due to the impaired ergosterol biosynthesis as the ergosterol is an integral component of 12 hours in the wild-type and mutant strains while it has reached 1 % in case of the transformant 3 3 8 strain. In the mid time-course, glucose consumption has not been directed towards biomass 3 3 9
production suggesting that the glucose has been used for energy maintanence rather than in the 3 4 0 macromolecule synthesis. Transformant cells has been grown in glucose to analyze the biomass 3 4 1 and cell dry weight. However, for enhancement of squalene the cells were grown in galactose 3 4 2 based media ( Figure S2 ). fold in the strains supplied with the squalene and the biomass increased with the increase in the 3 4 8 squalene content in the medium ( Figure S3 ), there might be a possibility that S. cerevisiae has 3 4 9
used squalene as a carbon source. Squalene is not found to be lipotoxic to the normal wild-type 3 5 0 cells even at higher concentration up to 25 g/L. Hence it could be produced in large amounts in 3 5 1 the improved strains of S. cerevisiae while rendering the viability of the cells. Sonication has been proven to be an efficient method for lipid extraction from several frequency sound waves which leads to cavitation, a process involving the formation and collapse 3 5 8 to significant increase in squalene yield. The proposed homogenization method could also be 4 5 0
exploited for the analysis of other terpenes' biosynthesis using S. cerevisiae. It was further 4 5 1 proved that when the galactose induction was coupled to glucose addition there was a significant Saccharomyces cerevisiae mutants by gene disruption through homologous recombination. Saccharomyces cerevisiae and Candida albicans. Eukaryot. Cell 13:2-9. Evaluation of extraction method in recombinant strain. 
